pare fMRI motion sensitivity to the incidence of direction-selective neurons in these regions (e.g., Andersen, Introduction 1997; Orban, 1996). This selectivity is the hallmark of motion processing regions and has been assessed exFor decades, the macaque monkey has been an importensively in single-cell recordings (which usually explore tant model for understanding information processing in only a single cortical region). In contrast, fMRI enabled the human visual system. Indeed, most of our current us to explore the complete motion pathway in single knowledge about the functional organization of the priawake animals, to assess the degree to which this pathmate brain has been derived from invasive methods in way conforms to the widely accepted concept of a "dormacaques, which cannot be directly applied to humans. 
which yielded functional MRI data unrelated to those of the present study. can be resolved using fMRI in macaques.
Results

Behavioral Performance Levels
We assessed fixation accuracy in M3 by directly measuring the horizontal and vertical eye position during each Three macaque monkeys (M1-3), each implanted with MR-compatible headsets, were adapted to restraint in scan session. Representative horizontal and vertical eye traces are shown in Figure 1B . In these examples, the a natural "sphinx" position, facing parallel with the horizontal bore of a conventional MR scanner ( Figure 1A) . monkey interrupted fixation only ‫5ف‬ times (indicated by the arrows) during these 276 s long scans. In the Fixation was controlled in M1 and M2 using a high acuity fixation task and in M3 by recording eye positions. In experiments analyzed for the present study, monkey M3 fixated for 85%-92% of the total experimental duration monkeys M1 and M3, we injected MION intravenously before scanning. Moving or stationary stimuli were prewithin a fixation window of 2Њ ϫ 2Њ. Percent fixation did not differ between the moving and stationary conditions sented on a transparent screen positioned in the bore of the magnet. Moving/stationary conditions were pre-(p ϭ 0.099, two-tailed t test). M1 (and M2) typically achieved 98%-100% correct in sented in blocks, typically in alternation with a uniform gray screen. In total, 37,200 functional brain volumes in the high acuity fixation task throughout each scan. M1's performance levels were very similar in the MION experi-M1 (acquired during three MION and five BOLD ses-ments (98.5% Ϯ 2.9% correct) and in comparable BOLD experiments (99.4% Ϯ 1.8%). Fixation task performance exceeded that of three motivated human subjects who performed an identical fixation task (95.5% Ϯ 2.5%). When the same human subjects were instructed to maintain fixation on points peripheral to the orientation target, performance accuracy decreased significantly to 82.8% Ϯ 6.5% and 65.7% Ϯ 9.5% for 1.3Њ and 2.5Њ eccentricity, respectively. Thus, subjects had to carefully maintain fixation on the central target in order to achieve maximum performance accuracy.
Direct offline eye position measurements in the mock scanner showed that M1 fixated within a window of 2Њ ϫ 2Њ during 75% of the total experimental duration. There were no significant differences in percent fixation between the different conditions (75.3% Ϯ 2.7%, 78.7% Ϯ 2.4% for the stationary and moving stimulus condition, respectively; p ϭ 0.062, t test).
Side Effects of MION
No statistically significant difference was observed between performance levels of monkey M1 in the high acuity fixation task during the last BOLD session (98.3% Ϯ 5.4%) preceding the MION injection and the first MION session (99.5% Ϯ 2.8%) (p Ͼ 0.22, two-tailed t test). Monkey M3 also performed equally well, before (89% fixation) and after the first MION injection (85% fixation). These high performance levels suggest that an effective dose of intravenously administered MION does not result in obvious short-term behavioral and/or cognitive effects.
Moreover, we observed no obvious negative health effects in two monkeys in which we injected MION, up to 10 months after the first injection. In total, M1 and M3 received 60 and 128 mg/kg MION, respectively. After repeated MION injections, we did observe a marked increase in the saturation levels of the protein transferrin (which is linked to the iron metabolism), as well as in iron plasma levels. Those values were ‫01ف‬ times higher than normal after a series of three to seven daily MION Ungerleider, 1986]) should be activated most profoundly by moving compared to stationary stimuli; thus, we concentrated on these regions in the comparison between condition was 0.29% Ϯ 0.03% (mean Ϯ SEM) in this BOLD experiment and 3.00% Ϯ 0.09% in the corre-BOLD and MION. Signal Amplitude sponding MION experiment. Thus, the use of an iron oxide contrast agent increased percent MR signal The average BOLD and MION signal changes for area MT/V5 of M1 are plotted in Figure 2A . Note that MIONchanges by a factor of ten in area MT/V5, at least under our experimental conditions. These observations for weighted T 2 * signal changes were opposite in sign to BOLD signals (see Experimental Procedures). The MR area MT/V5 also generalized throughout visual cortex of monkey M1. Averaging over five motion-sensitive resignal change between the moving and the stationary gions including area MT/V5 MR signal changes increased by a median factor of eight (interquartile range of 3.9) for the moving to stationary comparison, and a median factor of ten (interquartile range of 4.2) for the moving to no stimulus comparison.
Although we obtained similar BOLD signals (0.67% Ϯ 17%) for the comparison of moving versus stationary dots in MT/V5 of a second monkey (M2), no reliable signals could be measured in any of the ten BOLD scanning sessions of monkey M3 in which we acquired functional volumes at a resolution of 3 ϫ 3 ϫ 3 mm (reflecting inadequate performance or idiosyncratic differences between subjects). In contrast to the large differences in BOLD signals between M1 and M3, MION signals were at least as large in M3 compared to M1 (see below for quantitative data).
Statistical Power
The gain in signal change was accompanied by an increase in statistical power: the t scores of the activity maps reached much higher values for MION than for BOLD ( Figures 2B and 2C) . The BOLD and the MION experiments were equated as much as possible. The same moving-stationary stimuli were used, the same total number of functional brain volumes were acquired (120 and 480 per condition for Figures 2B and 2C , respectively), and the activity maps were thresholded at the same level of p Ͻ 0.001, uncorrected. We observed bilateral motion-selective MION activation in the superior temporal sulcus (STS) and the fundus of the intraparietal sulcus (IPS). At this low statistical threshold, we even observed bilateral motion sensitivity in the pulvinar (section at 0 mm). These bilateral MION activations were much more significant (notice difference in color scales) than the corresponding BOLD activation patterns, which could even appear unilateral (e.g., STS at Ϫ3 mm) or nonsignificant (e.g., IPS and the pulvinar). Figure 3Ca , the MION maps of the right hemilow), we observed smaller MR signal changes in VIP (0.6% using dots and 1.0% using lines, averaged over sphere of monkey M1 yielded an activation in the posterior bank of the STS (green arrow), separated from actithe two monkeys) and in FEF (0.7% using dots and 1.0% using lines) relative to MT/V5 (3.4% using dots and 2.2% vation in the floor of the STS (pink arrow). Anatomically, the former focus corresponds to area MT/V5, while the using lines) and V2 (4.5% using dots and 0.8% using lines). Despite these differences in MR signal changes, focus in the floor of the STS appears to correspond to area vMST, as described by Tanaka et al. (1993) . At all cortical regions motion sensitive for moving dots were also motion sensitive for moving lines. Thus, motion progressively more anterior levels in the STS, this separation remains visible as two local maxima in the statistisensitivity for random lines will be described below only for those areas in which moving dots were ineffective. These fMRI studies on alert fixating monkeys proved surprisingly straightforward to accomplish. We used a weeks apart. Although the number of functional volumes and the epoch duration differed between the two expericonventional 1.5T scanner and near-standard behavioral and surgical procedures. We found that the use of ments, the activated voxels (p Ͻ 0.05, corrected for multiple comparisons) overlapped by 84% in both hemian iron oxide contrast agent with a long blood halflife considerably enhanced functional brain imaging in spheres.
Moving Dots and Lines
awake, behaving primates. Though our comparisons were understandably limited Motion sensitivity assessed with moving random dots decreased as a function of hierarchical level, especially in this initial study, these procedures appeared to yield excellent reliability, both between and within subjects. beyond area MT/V5 (Figure 8) . On the contrary, the regional distribution of motion sensitivity for random lines Using MION, we were able to reveal a substantial portion of the motion pathway, which generally fits with the is much broader (see Figure 6C) , with a maximum at intermediate hierarchical levels (see Figure 8) . The relaclassical view of motion processing in dorsal stream areas. Specifically, areas V2, V3, MT/V5, vMST, FST, and VIP tively small standard errors of the mean (calculated 1998). The echo time used in this study was optimized for BOLD: the echo time was sufficiently large to produce good BOLD sensitivity, yet small enough to minimize susceptibility artifacts. We used the same echo time for the MION imaging, because it attenuated the signal by 50%. A small additional increase in sensitivity could have been obtained by using a smaller echo time with a larger dose of MION (Mandeville et al., 1998) . To improve the statistical analysis of the MION experiments, we directly measured the MION impulse response function (see Figure 9 and Experimental Procedures).
The use of MION yielded approximately a 10-fold increase in the percent signal change relative to comparable BOLD measurements at 1.5T. Since the MR signal is attenuated by a factor of approximately two due to the MION, the improvement of the sensitivity (contrastto-noise ratio) can be estimated as 0.5 ϫ 10 ϭ 5. This increase in sensitivity is in general agreement with an increased contrast-to-noise ratio of 5.7 in anesthetized rodents at 2T (Mandeville et al., 1998). Finally, the MION resulted in better statistical power and better spatial localization of the activated brain regions. The present data suggest that contrast agent-enhanced fMRI at low magnetic field strengths provides an excellent alternative to BOLD imaging at high magnetic fields.
The monkeys showed no obvious short-term adverse effects due to injection of the contrast agent. However, despite the encouraging clearance after the use of the 
Comparing fMRI and Single-Cell Studies
The cortical regions showing fMRI motion sensitivity correlate remarkably well with areas containing a high proved to be motion sensitive. More unexpected moproportion of direction-selective neurons (for review, tion-sensitive regions included areas PIP, LIP, FEF, V4, see Orban, 1996) . Areas MT/V5, MST, VIP, and PO/V6 TE, portions of the lateral sulcus, and even the pulvinar.
and layers 4B and 6 of area V1 contain more than 60% As predicted by the single-cell literature, macaque area direction-selective neurons. Area V3 and the thick V3A was not motion selective, unlike human area V3A. 
Comparing Human and Monkey fMRI
The three monkeys were trained to optimal performance on a highOne goal of the present study was to compare brain acuity orientation discrimination task. The monkey had to interrupt a activation in macaques with that in previous human light path with its hand to indicate when a bar target changed its studies, using fMRI as a common measurement techorientation from horizontal to vertical. Each correct response was nique. We found that many cortical areas (e.g., MT/ rewarded with apple juice, delivered through a magnet-compatible juice delivery system (see Figure 1A) . To ensure that the monkeys V5ϩ, V2, V3, regions in the IPS, and FEF) appeared Visual stimuli were projected from a Barco 6300 LCD projector However, the question of homologies between hu-(640 ϫ 480 pixels or 800 ϫ 600 pixels, 60 Hz refresh rate) using 16 slices, 2 ϫ 2 ϫ 2 mm voxels, Siemens, Sonata MR scanner) while the monkey fixated. The stimulus-evoked MR response (mean Ϯ customized optics (Buhl Optical) onto a screen which was positioned 15 cm (M1) or 54 cm (M3) in front of the monkey's eyes. Two SEM) of 109 voxels (which were sampled in visual cortex) is shown in Figure 9 . The gray curve represents a single ␥ function fitted ( 2 ϭ types of stimuli were used: random texture patterns (referred to as dots) and random line patterns. These stimuli were either static or 7 ϫ 10 Ϫ17 ) to the raw data. This function, which was slightly faster than expected from data obtained in anesthetized rodents, was moved in one of eight randomly selected directions of planar motion. The dot stimuli were comprised of 50% black and 50% white dots convolved with the box car model for long epochs. This a posterioriderived single ␥ function produced highly similar t maps as the (4.5 min arcmin/side) within a circular aperture of 14Њ diameter. During the motion condition, the direction changed randomly every double ␥ function which was actually used in the statistical analysis of the present experiment. 427 ms, and the uniform speed was adjusted to 2-6 deg/s. Random line stimuli consisted of nine interconnected lines of random length For each stimulus comparison, significant MR signal changes were assessed using a map of t scores (statistical parametric map). and orientation, also moving at a speed of 2-6 deg/s. In each experiment, the stimulus duration, eccentricity, and luminance were careUnless stated otherwise, the threshold was set at p Ͻ 0.05, corrected for multiple comparisons. To identify motion-responsive regions, fully equated across moving and stationary conditions. In all cases, the mean luminance was ‫05ف‬ cd/m 2 . we used the local maxima in the statistical maps generated by the comparison (moving random dots versus stationary random dots) A block design was used in each scan session. Block duration was 24 s in the BOLD experiments and either 33 or 66 s in the MION or (moving random lines versus stationary random lines). Because the "form" aspect of the stimulus was present in the two conditions experiments. The presentation order of the stimuli was randomized between scans, except for those experiments where we obtained of the subtraction, this feature on its own cannot account for the observed motion sensitivity. These local maxima were attributed to average changes in MR signal as a function of time (referred to as time courses). Only scan sessions where the behavioral perforvisual cortical areas using sulcal and gyral landmarks relative to previously published maps (e.g., Felleman and Van Essen, 1991). mance of the monkeys was excellent (Ͼ98% correct in the highacuity orientation discrimination task for monkeys M1 and M2 or Ͼ85% fixation of the total scan duration for monkey M3) were conAcknowledgments sidered for statistical analysis.
Each 
